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SUMMARY

Results are presented from pltot-static and hot-wire anemometer
surveys at low speed of the flow over a thin, sharp-edge airfoil which
simulated a flat plate. The investigation was undertaken to obtain
detailed measurements of the flow associated with the so-called thin-
aeirfoil type of stall. The measurements were obtained for angles of
attack of 20, ho, and 6° at a Reynolds number of #A10°. Data are
presented in grephical as well as tabular form.

It was found that the large regions of reverse flow (bubbles) which
are characteristic of the flow for a thin-airfoil stall cannot be con-
sidered regions of "dead" air; mean velocities  of sbout 0.3 of the free-
stream velocity and velocity fluctuations up to 0.65 of the local veloci-
ties were messured in these regilons. The reverse flow appears to be part
of a more genersl circulatory or vortex-type flow. The largest velocity
fluctuations (sbsolute magnitude) were found to occur along a narrow band
in the detached flow above the bubbles; these fluctuations amounted to
0.30 of the free-stream velocity and are of the same relative magnitude
as have been observed for a turbulent jet. This turbulent flow originated
g0 near the leading edge of the plate that no separated laminar flow was
detected.

INTRODUCTION

A classification of stalling and the sccompanying flow-separation
phenomens into three categories is presented in reference 1 for sirfoil
sections at low speed. Although stalling snd flow separation are con-
sidered only in two-dimensional -flow, the classifications and illustrative
data contained in the reference have proven useful in providing explana-
tions for meny flow phenomensa which have been encountered in three-
dimensional flow fields sbout complete wings (e.g., ref. 2). The present
report is concerned solely with the flow which is associated with what
reference 1 describes as the thin-~airfoil type of stall.
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Briefly, for the thin-airfoll stal®, the flow separates from the
leading edge and subsequently reattaches'to the upper surface of the air-
foil at a position along the chord which moyes progressively downstream
with increasing angle of attack. The angle of attack for which the flow
first separates is dependent primerily on the geometry (roundness) of the
leading edge. When the position of flow:regitachment is near the tralling
edge, the 1ift coefficient begins to decrease with continued increases
in angle of attack and, for present purpdses, the ailrfoil section is con-
sidered to have stalled. A reverse flow is established inside the large
region underlying the detachked flow; this region of reverse flow will
hereinafter be referred to as the "thin-airfoil®" bubble. This thin-airfoil
bubble should not be confused, however, With the laminar-separation bubble
discussed.in reference 1 in connection with fthe so-called leading-edge
stall. Although there sppears to be some relationship between the thin-
airfoil and laminar-separation bubbles (ref. 1), the characteristics of
the two are vastly different. Specific investigations of the laminar-
separation bubble are reported in refererces 3, 4, and 5.

The data which form the basis for deéfining the thin-airfoil stall in
reference -1 and the preceding brief description were originally reported
by McCullough and Gault for an NACA 64A0Q6 ailrfoil (ref. 6) and by Rose
and Altman for a modified double-wedge aifrfoil (ref. 7). It is pointed
out in references 6 and 7 that the quantitative value of the flow surveys
of the thin-sirfoil flow is uncertain due to limitations in the experi-
mental techniques and certain characteridtics of the flow peculiar to
thin-airfoil stall. For this reason only a limited amount of the survey
data is presented in the references, and ‘these are included with the
intent of_illustrating the general features of the mean flow rather than
defining specific details of the flow. It is to be noted that no cor-_.
rections were applied to the survey data for the effects of the exceedingly
turbulent flow encountered during the investigations nor were sny measure-
ments obtained in the region of reverse flow.

The investigation reported herein wes instigated for the specific
purpose of obtalning more detailed and refined measurements than are
availeble in references 6 and 7 of the flow which precedes the thin-
airfoll stall. It was anticipated that the results would aid in clarifying
the mechanics of the flow associated with the thin-airfoil stall and, at
the same time, could be of value in ascertaining dlfferences between the
thin-airfoil and laminar-separation bubbles.’

In order to obtain as clear and distinct an example of the thin-
airfoil type of separated flow as possible, a thin, sharp-edged airfoil
vas employed for this investigetion which effectively simxlated s f£lat
plate. Surveys of the flow from the leading edge to the 80-percent=chord
station were obtained by pitot-static and hot-wire anemometer technigues,
the latter providing measurements of both mesn and fluctuating components
of the flow. A1l surveys were obtained for a Reynolds number of 1l-><lOs
based on the chord of the plate, and for eangles of attack of 20 ho,
6°. The pressure distributions along the surface of the plate also were
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measured. Due to the bulk of the data, only representative results are
shown graphically herein; however, all data sre presented in tsbular
form.

NOTATION
c chord of plate, 5 ft
5-p,
Cp static pressure coefficient, T >
3 P
Py = ﬁt
Cp, total pressure coefficient, lm- =
3 P
P static pressure, 1b/sq ft
Py total pressure, 1b/sq ft
u resultant velocity, ft/sec

(The mean resultant velocity 1 is equal to Jﬁyz + ﬁyz.)

M, Av,Aw fluctuating components of the resultant velocity, ft/sec

R Reynolds number, Hfi

Uy Uy velocity components in the x and y directions, respectively,
ft/sec . .

U reference velocity, ft/sec

b4 distance from the leading edge along flat surface of model, ft

Y distance normél from the surface, ft

a angle of attack, deg

(See discussion under section entitled "TESTS.")

v direction of mean resultent velocity u relative to the
longitudinagl axis of the pitot-static probes, deg

o density of air, slugs/cu ft

v kinemstic viscosity, £t2/sec
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a direction of mean resultant velotity 1 relative to the flat
surface of model (@ = arctan Ty/f; with -180° < & < 180°
and ﬁy positive when directed away from the surface), deg

Barred symbole (e.g., ) indicate thé temporel mean of the quantity.

Subsecripts
0 free-stream conditions oo
m a8 measured gquantity (uncorrected for the effects of velocity
fluctuations) : - o
A
APPARATUS
Wind Tunnel : S i
The investigation reported herein wag cthducted in one of the Ames L

T- by 1l0-foot wind tunnels, modified to provide a L~ by 10-foot test section

(fig. 1). The false floor and ceiling, approximately 3 inches thick, were -
25 feet long and extended an equal distance upstream and downstream of

the original test section. Hot-wire anemometer measurements have indicated
that the turbulence level of the free stream N, 2/U, is 0.15 to 0.20
percent. :

Model oL ’ ) . o

Figure 2 presents dimensions of the pinmulated flat plate and a photo-
greph of the model installed in the wind tunnel. The model spanned the
h-foot dimension of the modified test secition and was fabricated from
steel, except for a thin mehogeny veneer in the region of the rounded o
crest line of the double-wedge profile of the lower surface. Static- _ -
pressure orifices were provided along the, midspan station of the model.
Circular end plates, 6 feet in diameter, Were attached to the ends of the
model and served as parts of the false flpor and ceiling. The rectangwlar = _
fences (1 by 5 feet) visible in figure 2, wer® added during the course of S
the investigation to improve the two- dlmeps1onallty of the flow, the span -
between the fences was 3.33 feet. T
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Flow-Survey Equipment

The survey gpparatus used to obteln the pitot-static and hot-wire
anemometer measurements was remotely controlled from ocutside the wind
tunnel. Two devices were employed; one, shown in figure 3, was capable .
of traversing 5 inches in the ¥y direction and a second mechanism of
gimilar design was capable of a 9-inch traverse. The frames of these
devices screwed into holes tapped in the lower surface of the model.

Nine tepped holes were provided along the chord (3 inches sbove the mid-
span station) which permitted flow surveys to be made at any chordwise
position between the leading edge and the 80-percent-chord station. When
not being used, the tepped holes were filled with plugs which had been
‘machined as integrel parts of the surface during construction of the model.

The mechanical counter shown in figure 3 was read by telescope from
outside the wind tumnel. Although the least count on the counter cor-
responded to 0.0002-inch traverse, backlash and other mechanical tolerances
limited the dccuracy of positioning the probes to £0.002 inch.

Survey Probes and Related Equipment

Pitot static.- Photographs of the pitot-static probes employed during
this investigation are presented as figure 4. Both the conventional probe
and the probe used for measurements of the reverse flow consisted of four
0.030-inch-outside-diameter stainless-steel tubes. The center tube of
the three tubes grouped together provided a measure of the total pressure
while the two adjoining tubes, beveled 450, furnished a means for ascer-
taining the direction @ of the mean resultant flow TU. The single
static-pressure tube was offset laterally sbout 0.5 inch from the total-
pressure tube and contained four 0.008-inch-diameter orifices, spaced
90O apart, at the plane of survey. A1l four tubes were soldered into a
0.125-inch-outside~diameter tube which fitted tightly into the ends of
the probe holders (see fig. 3).

Hot wire.- Tungsten wire with a nominal diameter of 0.0001l5 inch
was employed for the hot-wire probes. The wires, approximately 0.10 inch
long, were welded across the ends of two 0.0l0-inch-diameter drill-rod
prongs which were embedded in a 0.125-inch-diameter bakelite-rod base.
The prongs had an unsupported length of 0.75 inch and were ground to a
conical shape &t the ends where the tungsten wire was attached. The
bakelite base fitted into the same holders of the traversing mechanism
as were employed for the pitot-static probes.

The electronic equipment required for obtaining measurements with
the hot wires was designed to operaste the wires at a constant mean
resistance (i.e., varigble heating current) throughout the speed range.
The amplifying circuit has a flat response (within 2 percent) from
30 cycles to approximately 40 kilocycles per second; the response is down
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3 db at 8 cycles and 55 kilocycles. The amplifier contains a resistance-~
capacitance circult to compensate for thermal lag of the hot wires. The

square-wave technique described by Kovasznay in reference 8 was employed _

to ascertain the proper compensation. For the turbulence measurements,

& millivoltmeter indicates the output from a thermocouple which is heated

by the current output from the compensated smplifier. A sinusoidal out-
put from & commercial oscillator was used for calibrating the output from
the thermocouple. ' Co-

A1l wires were calibrated in a small (2- by T.5-inch test section)
wind tunnel. Alr was drawn through this wind tunnel by means of a
constant-speed centrifugal blower. Speed control was cobtained by a
throttle on the blowér discharge line and velocities up to spproximately
4O0 feet per second were attaineble. Y

EXFERTMENTAL FROCEDURE AND PROBE CALTBRATTONS

Test Conditions  _.

A1l measurements of the flow sbout the simulated flat plate were
obtained for a Reynolds number of hxloe, based on the chord of the plate.
For averasge test conditions this corresponds to a free-stream velocity
Uyo of epproximately 130 feet per second and éfaynamic pressure of 20
pounds per square foot.

The vaiues of angle of attack listed hereln sre referenced to that
angle of attack for which free-stream total .pressure was attained at a
pressure orifice in the 0.020-inch thick legding edge of the plate. Due

to the camber in the model this reference angle is O. 3° greater than the

geometric angle of attack referred to the quer (flaﬁ) surface of the
plate. R

Although measurements of the surface pressure distributions were
obtained for angles of attack from -8° to 8° in one degree increments,
surveys of the flow about the plate were obtained only for angles of
attack of 2°, 4°, and 6°. For angles less than 2°, the region of
separsated flow wes too small to define ea51&y in any detalil. For angles
gresgter than 6 the position of flow reattachment was downstream of
the most rearward position for which flow surVEys could be obtained
(x/c = 0.80). The type of surveys end chordwise stations for which
measurements were obtained are listed in the fbllow1ng table:
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x/c |Type of survey [x/c |Type of survey ||x/c [Type of survey
0 Pitot and wire (0.2 |Pitot and wire [[0.5 [Pitot

.0l | Pitot and wire 251 Pitot .55|Pitot

.025| Pitot .3 |Pitot and wire || .6 |Pitot and wire
.05 | Pitot and wire «35|Pitot .65|Pitot

.075| Pitot 4 |Pitot .T |Pitot

.10 | Pitot and wire A5 Pitot and wire .8 |Pitot and wire
.15 | Pitot L

Hot-wire anemometer measurements were also made at several stations
upstream of the leading edge and results are presented for values of
x/e of -0.00025 and -0.00010.

All pressures were read to the nearest 0.01 inch of water from
differential reading U-tube manometers. Approximately 60 feet of
0.063-inch~inside-diameter tubing were employed in the lines between the
probes and the menometers. Although this caused a 3- to 5-minute time
lag for the menometers to attain equilibrium readings, such a procedure
was used in order to damp out the large irregular pressure fluctuations
which are charascteristic of the flow under consideration.

Calibration of Probes

The pitot-static probes were celibrated prior to and periodically
concurrent with the pitot-static surveys. These cslibrations were con-
ducted in an unmodified T7- by 10-foot wind tunnel and a typical calibra-
tion is presented in figure 5. The pitot-static, as well as the hot-wire,
probes were celibrated in the holders (fig. 3) as complete units. Before
and after each run (consisting of a single traverse for fixed values of
x/c and o) the hot wires were calibrated. This procedure was necessary
because of changes in the calibrations caused by the accumulation of
microscopic dirt particles on the wires. 1In general, changes in the
calibrations were sufficiently small so they could be prorated on a time
basis for data-reduction purposes. When the changes in the calibrations
were excessive, all data were discarded and the measurements were repeated.
Despite the presence of foreign material in the air stresm, wire breakage
was a minor problem.

Corrections Applied to Data for the Effects of Turbulence

A11 values of mean velocity presented herein have had corrections
applied for the influence of the turbulent flow on the pltot-static and
hot-wire measurements. The bases for the corrections are that: (1)
either 8ll or part of the energy of the turbulent flow is included as part
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of the pitot-static pressures; and (2) the. voltage-velocity relationship
for a hot wire 1s nonlinear for the ususl hot-wire anemometry practice

in which constant current is maintsined for any given value of the mean
velocity. The net effect of the turbulencé¢ 1s to cause the indicated
mean velocities from the pitot-static measurements to be larger and from
the hot-wire measurements to be smasller thén the true mean veloecities.

For the extremely high vaelues of turbulencé encountered during the present
investigation, the differences in the meastured meen velocities between

the two techniques amounted to as much as 0.2 of the free-stream velocity.

Details of the methods for correcting:the pitot-static and hot-wire
measurements are described in Appendixes A,and B, respectively. Although
the methods are rather crude, it is believed that the corrections are, in
general, good first-order spproximations for the effects of the turbulent
flow. The accuracy of the final results is difficult to assess, but some
indication of the validity of the procedure used for correcting the date
for turbulence is evidenced by the fact that the results from the hot-wire
and pitot-static surveys agree for the most part within 3 or L4 percent of
the free-stream velocity. As might be expécted, the greatest discrepancies
(10 to 20 percent of the free-stream velocity) occur for results obtained
in regions of reversed flow. It is to be eémphasized that no corrections
have been applied to the measurements of vélocity fluctuations ./SG2.

RESULTS AND DISCUSSION

Preliminary Tests —

Prior to the mein studies of this investigation, a series of tests .
were made to examine and improve the two-dimensionslity of the flow about
the simulated flat plate. These tests weré undertaken after tuft studies
had revealed that (without the rectangular fences shown in fig. 2) span-
wise flow developed in the region of separated flow for about 3 angle of
attack and became very pronounced for anglés &f attack of 5 or greater.
The addition of the fences delayed the onset of the spanwise flow indi-
cated by the tufts to an angle of attack of approximately 6°. With or
without the fences, the spanwise flow was symmetrical about the midspan
of the model and was visible only near the 5-pércent-chord station.

Inasmuch as tuft studies provide, at best, a qualitative description
of the flow, & series of total- and static+pressure surveys were con-
ducted to examine further the two-dimens1onality of the flow. Conven-
tional rekes of total- and static-pressure itubes were employed to survey
the flow at .flve spanwise and three chordwise stations. These measure=-
ments revealed unexpectedly that, either with or without the fences and
independent of the angle of attack (up to 6 ), the height of thé region
of viscous flow (as well as the shape of the velocity profiles) was
independent of spanwlise position except along the bottom 15 inches of
the 48-inch span of the plate. The spanwise chenge in the height (and
velocity profiles) of the region of viscous flow occurred on both the
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upper (flat) and lower surfaces of the model but, significantly, in an
opposite sense for the two surfaces (i.e., an increase in thickness for
one surface and a decrease for the other surface). This result was
interpreted and subsequently verified as having been caused by a spanwise
veriation in the stream angle along the bottom portion of the plate. It
is estimated that the variatlon along the bottom 15 inches of the span
did not exceed O. 3 Since this stream defect could not be corrected
readily, the preliminsry tests for improving the two-dimensionality of
the flow were terminated at this point in the investigetion.

The experimentael results presented herein, therefore, were not
obtained in strictly two~-dimensional flow. However, all measurements
were obtalned =zlong the upper spanwise stations of the plate for which
the thickness of the boundary layer was found not to vary with spanwise
position. It seems probable that with the rectangulsr fences installed,
a good approximastion to two-dimensionsl conditicns was achieved for angles
of attack of 2° and 4°. For 6° angle of attack, some spanwise flow is
believed to have occurred and the two-dimensionslity of the data are
suspect. Some further discussion and evidence of the limitation to the
data are presented in a subsequent. section.

Pressure Distributions

Distributions of pressure along the upper (flat) surface of the
model for sngles of attack from —8 to +8 are presented as figure 6. The
representative distributions for negative angles of attack are included
to provide an indication of the distributions along the lower surface of
a flat plate. These data together with additional results for negative
angles of atitack are also presented in table I. '

The distributions shown in figure 6 are effectively the same as those
which have been obtained for other thin- and sharp-edged airfoil sections
(refs. 6 and 7). The regions of approximately constant pressure at the
positive angles of attack depict graphically the development of the
so-called thin-girfoil type of separated flow and its fairly rapid exten-
sion downstream from the leading edge as the angle of attack 1s increased.

Mean Flow Measurements

Some typical results from the pitot -static surveys of the mean flow
over the flat surface of the model for 2° ho, and 6° angle of attack are
given in figure 7. The data, which are presented only for the chordwise
stations for which hot-wire measurements were obtained, include the hot-
wire determinations of the mean velocity. A complete presentation of the
flow-survey data will be found in tables IT and IIT.
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With regard to figure 7, it is convenient to considey first the
agreement obtained between the two types of measurements for the mean
veloeity ©U. Toward this end, figure 8 1s presented to illustrate some
typical comparisons at & larger 8scale than is employed in figure T. At

the same time, figure 8 demonstrates: (l) the megnitude of the corrections

epplied for the influence of the turbulent flow and (2) the correlation

obtained between the results from the conventionsl and reverse flow probes.

It will be seen that, in general, the pitot-static and hot-wire
measurements are in good sgreement. The jagreéement is excellent for some
conditions (fig.8(a)) while for other conditlions the agreement is not so
good but is still felt to be satisfactory (figs. 8(b) and 8(c)). The
discrepancy shown in figure 8(b) for values of y/c between 0.03 to 0.05
oceurs in the reglon of separated flow where the direction of the mean
resultent flow changed repidly spproximstely 180° (see fig. T(f)). In-
such regions, disagreement is probably cdused by a number of effects
including: (1) the inherent loss of accuracy in the pitot-static surveys
for small menometer deflections, (2) the:sensitivity for small velocity
ratios of the corrections to the pitot—static measurements for turbulence
(see Appendix A and fig. 14), and (3) in,conjunction with (2), the proba-
bility of errors in the measured values of turbulence due to their magr i -
tude and the nonlinear voltage-velocity éharacterlstics of the hot-wire
enemometer. It should not be implied, however, that such discrepancies
as that shown in figure 8(b) are caused solély by limitations in the =
pitot-static technigque. The mean velocities indicated by the hot wire™
are also subject to error (Appendix B). _Although the megnitude of the
probable errors In hot-wire results are Indeterminate, 1t will be noted
that hot-wire data are more regular thanthe pitot-static results for
conditions where @ 1is chenging repidly with y.

The survey data shown in figure T révedl several interesting features
of the flaw gbout the simulated flat plate. One of the most interesting
is that the meagnitudes of the velocitiesjof the reverse flow are (except
nesax the leading edge) greater than 0.2 U@ and as large as 0.35 to

0.40 U, for certain chordwise locations. The thin-airfoil bubble is not,

therefore, a region of dead or stagnant a1r It will be noted, in addi-
tion, that the static pressure through the regions of separated flow is
not constant. The pressure first decreaees end then increases with
increasing distance above the surface. (Note that the static pressures
measured near the plate surface with the: pitot-static probes agree well
with the static pressures measured by the flush orifice in the surface
of the model.) The maximum variations in the static pressure occur in’
the detached flow gbove the regions of reverse flow and, in some cases,
amount to 0.5 of the free~streem dynamic pressure (fig. T(b)). These
pressure.variations in the y direction. gradually lessen with distance
downstream of the region of reverse flow, and for the smaller angles of
attack eventuslly dissppear completely. ' The pressure varistions in the
y direction together with the occurrence of the fairly strong reverse
flow, as mentioned in references 6 and T, dre suggestive.of a vortex flow.
The changes in the direction of the flow which should be expected for a
vortex-type flow are clearly evident in figure 7.
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The shape and extent of the thin-airfoil bubbles derived from the
mean flow surveys are presented In figure 9. The bubble is defined for
present purposes as the region bounded by the plate surface and the
contour above the plate surface along which the Uy component of the
meen velocity is zero (i.e., 8 = #90°). The figure alsc includes the
distribution of the mean flow into and out of the bubble (i.e., the Ty
component of velocity along the contour where Uy = 0}).

The rapid increase in extent and thickness of the bubble with
increasing sngle of attack is apparent. These data together with the
surface pressure-distribution measurements (fig. 6) indicate that the
separated flow from the leading edge of the plate reattaches to the surface
at the termination (approximetely) of the rapid pressure rise downstream
of the region of essentially constant pressure. On this basis it is esti-
mated that flow reattachment probably occurred at chordwise stations of
0.02, 0.1k, and 0.42 for angles of attack of 1°, 3°, and 5°, respectively.
Estlmates for higher angles of attack are not warranted because of the
vagueness of the terminal points and the probebility of spanwise flow.

It is interesting to compare the extent and meximum thickr 3s of the
bubbles from the current studies with those reported by Rose and Altmsn
(ref. 7) for a modified double-wedge airfoil having a thickness-chord
ratio of 0.0423. Although the surface pressure distributions from the
two investigations are very similar except for minor differences atiribu-
table to the differences in thickness distribution, the results of the
flow surveys are markedly different. Figure 10 shows that at least up to

angle of attack, the extent and thickness of the bubbles encountered
in the current investigation are considerably larger than those measured
on the double-wedge airfoil in reference 7. The differences between the
results of the two investigations arc in the proper direction to he
explained by the effects of the exceedingly turbulent flow for which
corrections were not applied to the data of reference 7. The magnitude
of the differences, however, sre too great to be explained by the turbu-
lence effects. Based on estimates from pressure distributions, the extent
of the bubbles for the two investigations should sgree very well (fig. 10).
The large discrepancies are, therefore, somewhat puzzling and cannot be
explained. It does not seem likely that the possible occurrence of span-
wise flow and the differences in thickness distribution are the major
factors leading to the disagreement.

The flow into and out of the bubbles shown in figure 9 gives some
evidence of the spanwise flow observed during the preliminary tests.
From continuity considerations the volume inflow should be equal to the
volume outflow for conditions of two-dimensional flow. Any differences
between the two volumes must be manifested as flow in the spanwise direc-
tion. The accompanying table, evaluated from figure 9 by mechanical
integration, indicates that for all angles of attack investigated the
inflow exceeded the outflow.
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@, {&inflow|® outflow | &(inflow-outflow)
deg CUco cUyp _ el

2} 0.006] 0.005 | ©  0.001

4 .oboj  .016 .02k

6 .091 .036 L. .055

8per unit spen o T : -

The accuracy of the measurements involved, however, is poor. The numerical
results should be Interpreted only as an!indication of an increasing
tendency for spanwlse flow with increasing angle of attack.

Velocity Fluctuation Measurements

Results of hot-wlre anemometer measureménts of the veloeity fluctu-
atlons are presented in figure 11 and in;table III. The extremely high
levels of turbulence 1mn the flow are readily epperent. In an absolute
sense (fig. 11), the largest fluctuations messured were (root-mean~square
values) approximately 30 percent of the free-stream velocity. In a
relative sense (table III), the largest fluctuations measured were
approximetely 65 percent of the local meédn velocity. As discussed in
Appendix B, measurements of such high levels of turbulence should be con-
sidered quelitative due to the nonlinear'voltage~velocity characteristics
of a hot wire. 1It.is of interest that these fluctuations are of con-
siderably greater magnitude than those measured by Schubauver and Klebanoff
(ref. 9) in a turbulent boundary layer spproaching separation. It is not
surprising, perhaps, that the fluctuations presented herein are of similar
magnitude to those reported by Corrisin end ‘Uberoi (ref. 10) for a
turbulent jet.l ;

Figure 12, which is presented to swimarize graphically some of the
salient features of the pitot-static and.; hot-wire results, illustrates
that between the leading edge and the position of reattachment the largest
(absolute) velocity fluctustions occur aiong e band in the detached flow
approximately midway between the bubble and_the outer edge of the detached
flow. The detached flow is, therefore, & region of intense turbulent -

1A paper by M. Arie and H. Rouse ("Experiments on Two-Dimensional
Flow Over & Normel Wall"”, Jour. of Fluid:Mech., vol. 1, pt. 2, July 1956,
Pp. 129-141) became available while the Presént report was being prepared
for publication. Measurements are presented of velocity, pressure, and
velocity fluctuations behind flat plates'noffial to the air stream with
splitter plaetes in the wake to prevent vértex streets. Arie and Rouse
show that the flow separates from the edges of the pletes and subsequently
reattaches to the splitter plates; the cﬁeracteristics of the entire
region of separated flow are remarkebly similar to those of the present
investigation, perticularly the magnitudé of the reverse flow in what
corresponds to the bubble and slso the magnitude and distribution of the
velocity fluctuatlons.
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mixing and, not unlike a jet, it expands rapidly downstream from its
orlgin at the leading edge of the plate. Although it is not evident in
figure 12 (see, rather, fig. 11), the intensity of the turbulent motion
along the band gradually decreases as the flow passes downstream of the
position of reattachment. The band of maximum intensity tends, moreover,
to move inwerd toward the surface over the downstream portion of the
bubbles. For 2° angle of attack the band becomes adjacent to the surface
(i.e., just above the laminsr sublayer) between the chordwise stations

of 0.45 and 0.80; the intensity and distribution of the fluctuations are
similar to those measured by Klebanoff and Diehl (ref. 11) for a turbulent
boundary leyer on a flat plate. This is not surprising since the pressure
gradient is almost zero downstream of the 0.10-chord station. The data
for 4° (and to a lesser extent, for 6°) angle of attack show the same
trends downstream of the bubble as for 2°. However, the extent of flow
through the region of approximately zero pressure gradient is too short
to allow as complete a readjustment.

Observations and Measurements of the Flow in the Immediate
Vieinity of the Leading Edge

As mentioned previously, there was intense turbulent mixing in the
detached flow in the immediate vicinity of the leading edge of the plate.
This is demonstrated by the date in figure 13 which show that at the
O-percent-chord station the largest root-mean-square values measured for
the veloecity fluctuations were 15 to 25 percent of the free-stream
velocity. Moreover, observations of the output from the hot wire on
cathode-ray oscilloscope verified that the veloecity fluctuations were of
the completely random type cheracteristic of turbulent flow. Measurements
were also obtained at several additional stations upstream of the leading
edge in an effort to pinpoint the onset of transition. This permitted
surveying at negative values of y; that is, surveys could be made in the
region of the separated flow which passes around the leading edge from
the position of stagnation on the lower surface. Results of some of
these measurements alsc are presented in figure 13. No indiecation of
turbulent flow is shown nor was any detected visually on an oscilloscope.
For negative values of. x/c, the decresse in the local velocity as ¥
increases negatively is not associated with a loss in total pressure. .
It is, rather, attributable to a decrease in the veloecity of the potential
flow which would occur as the position of stegnation is approached.

Although it is not impossible that these results are peculiar to
the flow around a sharp leading edge, the results strongly suggest that
the extent of separated laminsr flow along a thin-~airfoil bubble is
virtually zero. . It is of interest to note that this differs considerably.
from the laminar-separation bubbles discussed -in references 3 to 5.
Reference 3 reports that approximastely 80 percent of the extent of a
laminsr-separation bubble is covered by separated laminar flow. Since,
however, there is also a large difference in the actual physical dimen-
sions of the two types of bubbles, it is, perhaps, more correct to express:
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the difference on the basis of a Reynolds number o N

Ugepl .
Ry, = v PoTE ' - T -

where ‘Ugep 1s the velocity of the outer potential flow at the position
of separstion and L i1s the extent of sepéraﬁéd laminar flow. A maximm
value of Ry, for the thin-airfoil bubbles reﬁﬁrted herein is estimated
to be 5000; whereas a corresponding value ﬁor ‘4 laminar-separation bubble
(ref. 3) would be at least ten times as great aor of the order of 50,000. -
The physical significence, if sny, of ‘this difference between the two o
types of sepasrsted flow is not readily apparent.

SUMMARY OF RESULTS

The principal results from pitot-static and.hot-Wire anemometer
surveys of the low-speed flow over a 51mulqted flat plate at small angles
of attack are as follows: LT o T

1. 1In the regions or bubbles of reverse flow which are characteristic _
of the flow associlated with the so-called thin=airfoil stall, resultant T e
mean velocities of ahout 30 percent of the:free-stream velocity and ’
velocity fluctuatlons up to 65 percent of the local velocities were o
measured. N

2. The reverse flow in the bubbles appedrs to be part of a more
general vortex-type flow. A .

3. The magnitude of the turbulent velocity fluctuations in the
regions of sepsrated flow gbove the bubbles is_ comparable to that which
has been observed for a turbulent jet. Th$ largest veloclty fluctuations
measured amounted to 30 percent of the free-stream velocity.

4. No separated laminar flow was’ detected at the forward edge of —
the bubbles. . z

Ames Aeronautical Laboratory !
Nationael Advisory Committee. for Aeronautlcs . L
Moffett Field, Calif., Nov. 23, 1956 . , ) s



NACA TN 3876 ) 15
APPENDIX A

CORRECTIONS APPFLIED TC THE PITOT-STATIC MEASUREMENTS

FOR THE EFFECTS OF TURBULENT FLOW

The relationships used as a basls for correcting the pitot-static
measurements for the effects of turbulent flow are due to Goldstein
(ref. 12) and Fage (ref. 13). Goldstein and Fage indicate that a static- = ___
Pressure probe, aligned with a turbulent stream having a resultant mean
velocity 1, measures a static pressure P, such that L

- - 1
Py =D + Epkl(&_rz + &%) (A1)
where k, 1s a constant which depends to some extent on the geometry of

the probe. Goldstein also demonstrates that under similsr flow conditions
a total-pressure probe measures s pressure (ﬁt)m where

- - 1 ,— — —_
(Byly = By + Fo(&° + &% + &F) (A2)
. - - 1l -2
or, since py - P = Zpl
- - -2 —2 =2 2
(Pgly =D + %%pu + é? (&a™ + &y + Aw ) (A3)

If equations (Al) and (A3) are combined and a reference dynamic
pressure é?puwz 1s Introduced, there results R

@@ @ e-wE @] W

Similarly, the relationship between the measured and the true static- .
end totel-pressure coefficients becomes

(%)m =0 - k{(%f + (%‘DZJ (85)
(o0s), = o0 + [&) + (&S + & (26)

Unfortunately these simple expressions could not be applied directly
to the present results for seversl reasons: (1) Only one component of
the turbulent velocity fluctuations was measured, Au; (2) the probes were"
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seldom aligned with the resultant flow during the course of the pitot-
static surveys; and (3) equations (Al) and (A2) provide no information

on any dlfferentlal effects which the velocity fluctuations might have
on the two 45 beveled tubes employed to asbertain the direction 7y of
the resultant flow. The latter 1s signlficgnt because an erroneous indil-
cgtion of ¥ for values hetween 10° and 45 would have caused errors in
the corrections which were required for the! measured static and total
pressures as s function of 7y (see fig. 5).

In order to circumvent the difficulty stemming from the measurement

of- only one component of the velocity fluctuations, it was assumed that
k(M) = (B2 + &v° + &)
so that
(ky - 1)(&ZD) = (&F + &) (&7)

An snalysis of the results of Schubsuer and Klebanoff (ref. )
revealed that a value for kp, for turbulent boundary-lsyer flow would
very from 1.5 near the wall to 2.1 near the outer edge of the boundary
layer. Moreover, this variation was virtually ‘independent of the shape
of the mean-veloclty profiles. The results of laufer (ref. 1k) end
Ruetenik (ref. 15) for turbulent flow in a rtwo-dimensional chennel indi-
cate & similar variation for k, from the Wall to the center of the
channel. Although the general applicabillty of these results to the
problem at hand is admittedly open to some question, in the absence of
eny better criterion, an average value of 1.8 was selected for k; to
provide a means for correcting the present pitot-statlc measurements.

If the value of k; is taken to be 0.5 on the hasls of Fage's
empirical results (ref. 13) for a statlc-pressure probe similar to those
employed during this investigation, equatiqns (A4k), (A5), and (A6) become’

@ @ o] @ @)

Ui + A --) - (a8)

TN

&8

%
I

£
l|

(cp>m = Cp - &Cp | o o (49)

|

[NENY’



NACA TN 3876 17

(cpt)m = Op, + kz(%)z = Cp, + 1.8(%)2

The numerical value for k; determined by Fage was derived from measure-
mencs of turbulent flow in a pipe. Its general applicability is unknown
but the use of a value of 0.5 is not inconsistent with the over-all
accuracy which should be expected from the corrections, considering the
assumptions iIntroduced by the use of the constant kp. The incremental
corrections A(T/Us), ACp, and ACp, defined by equations (A8) to (A10)
are shown graphically in figure 1L. -

The corrections for turbulence described in the preceding paragraphs
are appropriste only when the longitudinal axis of the probe is sligned
with the resultant flow (i.e., 7 = 0), a condition which, as mentioned
previously, was seldom encountered during the course of the present
surveys. It 1s apparent, for example, that when the local flow 1s oblique
to the longitudinal axis of the probe, the Au component of the velocity
fluctuetions cen contribute o the measured static pressure. At the same
time, particulsrly for large values of 7%, one would expect that the
response of the total-pressure probe to the velocity fluctuations would
differ from that given by equation (A3). In order, therefore, to determine
the influence of ¥ on the preceding relationships for ﬁm/un, (Cp)m,
and (CPt) , and at the same time assess any differential effects of the
turbulent flow on the pressure difference measured between the two 45°
beveled pressure tubes, & calibration of the conventional pitot-static
probe (fig. 4) was conducted in the small wind tunnel for measured turbu-

lence levels nJEﬁz/ﬁ of approximately 0.25 and 0.43. The calibrations
covered a range of ¥ from O to h5° and the results were assumed sgppli-
cable for negative values of ¥. The results were also applied to the
reverse-flow probe shown in figure k.

For these measurements the influence of ¥ was considered in the
following msnner:

(85 - Bla = (B - B) + £(r)(Fem) (a11)
(By - Ba)y = (By - Ba) + g(y)(%pﬁz) (a12)

where
(p¢ - D) dynamic pressure at the probc
(B1 -~ Po) the pressure difference between the two 45° beveled tubes

ZE;; unknown functions of ¥y to be determined experimentally
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The functions -£(y) and g(y) derived from the measurements are
shown in figure 15. The results are surprisingly good considering that
they were evaluated from smell differencep between relatively large

numericel values. The results for g(y) indicate that there is a con- -

51derable differential effect of the velopitz_fluctuatlons on the two
h5 beveled tubes. - The &ffect, as might be &xpected, increases rapidly
as ¥ Iincreases. - The quantity F(y) decfeases ases slowly from a value

somewhere between 1.6 and 1.2, when ¥ = D, %o a value of approximately ”

1.0 when 7 = 30°; thereafter f£(y) decrebses rapidly. Note that a value
between 1.2 and 1.6 is consistent with equatinn (A8) for which f£(7)
should be identical with 1 + (ks - 1)(1 - k;3) = 1.4, The effects of
turbulence on the directionsal characteristics: of the probes also are
illustrated in figure 15. It is readily mpparent that under certain con-
ditions the effects of velocity fluctuatibns are large.

On the basis of the preceding discusgion and experimental resulis,
the procedure employed herein to correct the pitot-static measurements
for the effects of turbulence is summerized ass follows:

(1) The value of 7 was determined frqm charts similar to that
shown in figure 15.

(2) With the value of 7 from (1) above, the measured values of
total and static pressure were corrected using charts similar to those
shown in figure 5. LT

(3) The quantities (Cp)m,(Cpt)m, and Upy/U, were computed and then
corrected for the effects of turbulence Using charts similar to figure b,

As suggested by f£(y) in figure 15, thé corrections applied in
step (3) above should have been, strictly speaking, considered a function
of 7. - Although this was possible in thq case of Uy which depends only
on f(7), such a procedure was not possible for (Cp), end (Cpt) since

kX, and k,; were not evaluated as separate functions of y. It will be
noted, however, thet with only a few excéptions, most of the pitot-static
measurements correspond to values of -20% <7< 200 (wvhen ¥ =0,8 =0

or +180° ). Figure.l5 demonstrates that qver .this range of 7, £(7)
appears to be esserntially constant; this ‘result carries the implicetion
thet k, and k, probably vary only & sméll ‘amount® out to y = 20°.
Thus, for the present pitot-static measurements the dependence of the ™
corrections for turbulence on 7y was, effectlvely, & second-order effect
and was ignored. .

11t seems probable that an increase!in, y would cause k; to
increase and k2 10 decrease but would pnly cause a small change in
Fly) if £(y) 21+ (ko - 1)(1 - k) ng;n equation (A8).

b

1

rn
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APPENDIX B

CORRECTIONS APPLIED TO THE HOT-WIRE ANEMOMETER MEASUREMENTS

FOR THE EFFECT OF LARGE VELOCITY FLUCTUATIONS

The basis for correcting the hot-wire messurements may be illusirated
by the accompenying sketch. The sketch presents the typical relationship

(Em +1é€i) --------

et Bt

max
U —
which exists between the heating current I supplied to the wire, the

resistance r of the wire, the voltage drop - e across the wire, and the
velocity component u normal to the axis of the wire.l Point (l)

1The sketch is strictly applicable only to steady or guasi-steady
flow conditions. It is assumed, however, for present purposes, that it
is applicable also to conditions with unsteady (turbulent) flow.
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represents conditions in a hypothetical flow having zero turbulence.
The current is of an arbitrary megnitude I _to meintain the wire resist-
ence at a desired value ¥. The corresponding values for the velocity
and voltage are, respectively, U and €.: If turbulence is introduced
into this hypothetical flow in such a manner that the mean velocity is
unchanged from the velue -1, the nonlinear voéltage-velocity character-
istics of the wire for constant current operation lead to a mean voltage
&n which is greater than the original voltage &. As a result the mean
resistance 1s Ty (greater then F) and the indicated mean veloc1ty T
in the turbulent flow is less then the true mean velocity . Moreover,
since it is assumed in hot-wire anemometry that  Au is proportional to
Le, 1t 1s apparent that the nonlinearity can cause an erronecus determi-
nation of the velocity fluctuations. The' difference between the measured
and the true mean quantities, of course, increases with increasing
meggnitude of the veloecity fluetuations. - . : : : -
With reference to the preceding sket¢ch the corrections applied to _
the hot-wire measurements were accompllsh¢d in the following manner:
point (2) represents the resistance rm set during the tests by applylng
an arbltrary current. I. The voltage drop aCt¥oss the wire is &m and
the indicated mean velocity is Um. _Using the. mean-squsre voltage- -

filuctuation signal from the wire AEZ, untompensated for the thermal lag,2

the quantities (ém N ) and (ém - Jﬁé) were employed to ascertain the

hypothetical velocities Umin and Omex (points (3) and (4), respectively).
A simple average value of these two velocities uav was taken to be the
true mean velocity and is presented herein as U. The quantity

(J /u) was computed using the compensated voltage signals from the

wire and the measured ‘mean properties at p01nt (2). No corrections were

applied, however, to the sbsclute values of (JZM1 )m for the nonlinesar
voltage~-velocity relationship; N AT u., as presented herein, is identical

to (x/_é)m

This procedure, as mentioned previougly, is intended to furnish no
more than spproximate corrections to meantflow measurements. The agree~
ment obtalned between the pitot-static- and hot-wire-survey results is,
perhaps, ample evidence that the method shecgssfully fulfills its purpose.
However, in order to provide some further! indication of the validity of
the method, results of calculations are presented in the table of the
idealized response of a hot wire (typical ta those employed during this
investigation) to large sinusoidal velocity fluctuations. The numerical
values in columns (2) to {6) are slightly dependent on the magnitude of
U used in the computations (u = 100 £t sgc ), but the effect is too
small to be considered in an analysis of this type.

20nly the uncompensated signal is & irue.mgasure of the actual
voltage fluctuations which occur across the wire.

[
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Celculated (ideslized) response of a hot-wire
anemometer to large sinsusoidal
velocity fluctuations

@ 1 @EIGEY [ &) (5) (6)

NAT2| Up |Tav WE®)y | WALy | NDu®)y
% | 4 |3 | Gm | TUav T

0.10({0.99{1.00] 0.12 0.12 0.12
.20{ .9711.00 .24 .23 .23
.30] .93711.00 .38 .35 .35
Lol .8611.02 5k RIS A5
50| .78{1.06 Th .55 .58
60| .65|1.19] 1.03 57 67

Two slgnificant results are apparent from the tabuwlation. The first and
most important item to be noted is that the method of correcting the mean-
flow measurements herein appears to be satisfactory (ef., columns (2)

and (3) - for complete correction column (3} should, of course, be unity);
and the second is that, as expected, the values of turbulence presented
herein are probasbly too large (ef., columms (1) and (4) to (6)). Further
discussion is not werranted in view of the many ramifications involved.

It is sufficient to conclude that the calculated results for the mean
velocity are not inconsistent with the agreement shown by the experimental
results.
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TABLE II.~ RESULTS FROM PITOT-STATIC SURVEYS
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xfe = 0.010; « = 62 .02 24.8 i.ﬁ .080
c o o - % | 25.11. .033
e ETRAEC R
.0002| 23.7} . 1.043| 1.9 .0100 | I11. .%331( 1. 1.827 . . . R
“0006 | 10.0| 3B | 06k 1.193-5( aor | 376 6723 Lioor| 1ighr
0008 20.9 | .775{1.085( 1. . S| - . . = 0.
.0009| 29.3| .965] .98 1.023 (113 | 21.3| .985| 1.316 1-3]3*3 /e = 0.025;
a1 38.5 | 1.12| JTee 25 oarl 223l 0 L | HIE | coos | a6 Loa 1.925
0013 g_g{.g 1.11:333 .gi; . -Qz20 g-ﬁ i--%?f e | oo | xre.8 16 1.926
.00l | 37.21 1. . . -0123 . . - . o112 | 179.3) .1 . 1.
.0038| 39.6{1.188 | .780 Eﬁ -0127 | 27.2% 1.13k| .788] .500 -3 =8
00381 39.5 ( 1.1k8 | .759( .kkg [ -0130) 28.5|1.203] .721| .27
0046 Es.h 1.187| .s08| .188 | -0137| 31.3| L.2kT| .621{ .06T xfe = 0.0505
& i 2
R .0] 1. . -. . - .381
xfe = 0.010; @ = 2° . 3.5 1.218 I;‘:s?o 61“1 .0073 -ﬁ. ez
-0e53 [ 30.3| 1.213| .487| .oar| .co8% 8.7 .To%
-0050( 10.8| .48 .B75| .97 | ooBT| 29.5| 1.205| .k63| .cor| .or0s -6.7) 2,011
00531 12.6 | .12 | .B43| .603 | o303 | 2B.5 1.198| .43 .q123 2.6[ 1.128
-0037) 13.0 ¢ 1.221 | .T99] .298 gggg 27.5| 1.195 :Eil.] o 0139 -3.0| 1.181
0060 12.5 1.288) .mo0| .17 | . 26.0| L.295( . L0100 | L0156 -2,0( 1.203
%;{ hg igg %g .ggg 0487 ah:g 1.2& A55( .003| L0173 -1.5| 1.203
. 3] 1. . . L0562 | 22.8) 1. . . . ~1.31 L.
0073 11;.5 1.:898 .;{15 026 5% ar 1-3] 4.202
. 14,3 1. . .020
6?39; 1&».3 1.2113 63 .oh6 x/c = 0.025; @ = 2° “x/c = 0.050;
.0055 5.0 .199! .969] 1.927| .oo3k -28.9| .17%
/e = 0.010; o = 2° L0072 .2| .609| .g70} 1.62% go -25.5| k4
.0080 L1 1.035| .ouk| 875 .o0%T -20.T| .270
.0033( O -— 876] 1. L0088 1 6.4 1.101| 8| .TIE| .00% -2012 .309
«003T| 0 180 .882] 1.8hk9 0097 | 7.0} L.247| .877| .333| 0060 -16. .420
.0050| 0 264 ] o1k 1.8%% .0105 6.9) 1.3k | .8h7 5‘:9 0087 ~16.1[ U476
-00k3| 3.5 k58| .ou17| 1.708 | .oxe2| 6.9 1.329| .7ob| .oUs| .oomh | -12.k 556
-00kT| 6.5| .665| .923( 1.h82 | . 7.0 1.323] 7] .o31} .o0080 | -11.5| .603
-0088} 8.3| .m31| .922| 1.338 S0155 | 6.3| L.293[ .690| .025| .0087 -9.0| .T29
0050} 9.2] .881f .911|1.139 | .oate| 3.1| 1.275| .639] .02T| .cook 3| .18
. Bl . . .01 3] 1.
.0055| 10.0} 1.110 .365 629 zfe = 0.025; o = 2° .mﬂ -5.'3r 1.3%13;
.0053| 12.0( 1.120| .8%0| .%93
.0087| 13.0(1.165) .838| .h7@ | 002 |17h.T| .316] .898| L.797
0058 1i.5 1.229) .823| .31% 0012 | 176.3( .3k2] .912] 1.79k 2¢fe = 0.050;
.00601 1k.3 | 1.272| .o2| A | -00@8 |170.5| . -9301 1.860
.0063| 14,60 2.311| .T76| .055 | -00k5|188.1| .103| .938f 1.928| -0003 |-l7h.3 35 1.571
0067| W7l 1.311 | k| .o2E -0007 ) -179.1) . 1.360
oo | 5.k | 1300| 7151 ois ~ L0000 (-1T9.1} .322 1.5
‘oc80| 15k [ 1iag0 | lesi| .cer /e = 0.2 a = g3 ATl 2 1.7
.008T} 15.3| 1.288| .678( .015 .0080 ;$ .;_57(3, 'ﬁ i_ggé_ T 0020 _179: 256 l:g3l‘
.0122 . . . o 0023 ~179.1 . 1.
Xfc = 0.010; a = k° .0130) 12.8( .hol| .94o0| 1.779 T9- 232 %9
(OB | 13.5) .612) .562) 1585 .
0067| 3.91 .r77| .96 1.1k | Lok} 15.2| 90| a7T 135 x/c = 0.050;
.0070{ 6.7 .289| .99 1.86k .015% | 15.5) 1.02k| .o71] . o156 " 106
.0073[ 9.8 .ho5| .967| 1.806 | .o163| 16.7[ 1.188) .85 .337| - k"’ .
.0077{ 13.0| .%23| .88| 1.5 | .ou72| 17.5| 1.302f .950 +0LT3 -0 .383
ggo 17.0 .ggg .595| 1.528 | .0188 ﬁ.o 1.3;1‘1; 2| .ot g‘;g g-g -%
.0083[ 18.5{ . l1.a10| 1.207 | -0205 o] 1. . . . 21
.0e22 | 17.5| 1.3k5]| .86 .oligl -9239 1.4} .g90
.38 | 17.2| 1.335| .82k| .036

iRepest run.

2Reverse-flow probe.



NACA TN 3876

TABLE IT.- RESULTS FROM PITOT-STATIC_SURVEYS - Continued

] n [’ 1-:. 0 q
Eolam | ]l B e | % || F le | B |
0.025 | 212.5|1.175 | 0.969{ 0.58% | 0.0238 k.| o527 1.0b9 | .80 xfc = 0.100; o = 4°
L0273 | 13.8 L.279 263 0255 5.1] 655 1. 1.6k5
L0289 | 13.2|1.332 863 ggg 0272 7.1 8111, 1.h12 | 0.019% 8.k | 0,150 [ 1.0%. ] 2.028
0323 | 13.211.3381 . L Ol¥ 0288 8.6| 1.5 1. 1,23k | .0227 | -2.9| .33%1.0%8 | 1.9%T
.0389 | 12.8 {1.32 756 025 .0305 %.7] 1. 1.0k ] .T8h 02650 [¢] 5071 1.079] 1.818
oﬁ?ﬁ 12.5 1.303 T07{ .09 .0322 | In.0| ke8| 1.3 | r.oik 0277 | 2.2} .605(|1.09L| 1.Te6
0355 9.7] 1.304  .881 £ .gg?.g gz % i.‘ggg ig
" . 5| 1.327 . . B .
2¢fc = 0.0%0; a ™= 4° 2222 3.3 13 . o?r o6 | 0327 2.7| .885|1.0621 1.298
LOUsS 9.0) 1.7 .033 .03h4 %.31 9921 1.143] 2.061
002 [166.3 | .128§ .907{ 1.889 .oid8 7.5( 1.713 62| .033 0360 5.8 [2.095 1007} .B11
-7 1%3 igg ﬁ théa” 03;1 Sr|nET ﬁ
. . . . . = . ERES 931y .
-odesm 17h-_2, .gh 922 1-276 *tfe m0.075 a = 7 'ohlo ;.a 1.:% .§§o .2h2
. 171. .213{ .%20 | 1. o2 8.3 |1.312] .B6T| .139
.0110 (169.9 | .203| .938 1.833 .0006 | 172.5| .151] .958 {1.975 ddol-{ 7.7 |1.324 | .8kL]| .078
oo | 183 % %; o et a3 '%2 %
- . o = £° 23] - . e . EREWN . 2L
x/c = 0.050; a = 6 0056 | 17h.6} .0T2 g 1913 | L0527 1.9 :_.ggg o8| .006
0073 | 175.1| .oon| .981|1.979
<0236 | 13.5 | 233 J1.009 | 1.955 | oo85 | 175.9| .132| .38%|1.963
-0273 | 12.9| .373|1.01811.906 | ;g5 | 173.0| .171]| .48k | 1.955 /e = 0.200; o = 4°
L0289 ) 12.8 | .h69]1.025 | 1.803 23 | 1768 170] .85 | 1.956
£0306 { 1h.0( .TiZ{l.052 | 1.547 oo | 175.0 1! 593 1 a7 0008 [-1T7T7.0 | 272 979 | 1.90%
.0323 | 14.2( .900] 2.061{1.24h a6 | 175.5| .137| 984 |L.ees | -00e7 |-179.2 1.002 | 1.880
.0339 | 15.3)1.11241.056 | .821 ar | ws.el Jboe | 1981 -178.0 | .332iL.0012] 1.902
0356 | 16.3 |1.268 [ 1.069( .B5T 0190 | x76.5{ .18s| .pe1l1.ohy | -009% l-176.7| .31k {1.005] Ll.927
20373 | A7.T7|2.353 1033 | .21k o206 | 117.2] . B0 | L.96% | 0227 |-175.0| .265]1. 1.9%
SR e | ek o) e e | s e e v v
'8:36 175 |13% | 07| ioss | ‘®T 180.0| .o81| .98 |L.991 8 . .
0489 | 17.8 11.380] .952( .065 PP T xfc = 0.100; & = &°
%/c « 0.050; w = 6° 0003 | 178.0] .203| -BTT :;33 .0327 | 1.6 .19%]1.037( 1.958
.0030 | 178.5 27T %89 | 1.q10 0360 | 0.4 2271 1.058 | 2.007
166.3 1 .osk | 993 | L.9%9 | o083 | 177.3] .277] . L.o1e | -03%h 9.2 394 1.079| 1.923
ook6 1165.6 | .055| .95 | 1.5 | 0086 | 176.1] .ok %‘3’ .7 | 0929 | .31 .5p4[1.098}1.790
L00TT {172.1{ .139 951 ) 1.931L L0130 | 173.T| .239 | 1.006 | 1.947 .oks0 n,6| .7 2.3 1,561
SOMh 117305 | L1BL) 96k |1.9%2. | ;&3 | 165.%) . 3. 1.990 | -Oboh | 13.5] .9hh|1.000) 1.196
<0R1L {173. A3k | 1.950] 972 | 0196 | 1312 é?ﬁ 1_@' .00 | -0527 | 15.1{1.133|1.Q8| .685
0560 ]1_6.5 ]1_.271 ggg 13&*
x/c = 0.075; & = &° x/c = 0.075; a = E° Bt | 3| TR wa) e
> L0660 | 16,7 |1.38k) 822} .ol
0055 |-11.6 | .53 | .3Li1.036 | .0272 ; 1k.0| .lo3! J551(1.978 0695 | 126.6 |1.341] . -~
.COT2 |=10.1 | .652 ;ga 325 .0322 | 11.7| .2871.0e3|1.538 6|23 Bo2 | -.002
0088 | -8.8) .95 . 815 0338 10.6| .362 | 1040 | 1.909
.0100 | -5.8| .905] .357| .536 | .03 11,5] .%593 | 14068 | 1.T15 Zxfa = 0.200; o = 6°
0120 | <. [ .933 07| .339 osg 13.2] .737| 25088 | 1.570
L0150 | =h.2 j1.11| k32| 197 | .05 | 12.8] .864 18 | 10383 0002 | 172.0) .12kl .968h4) 2.968
L0150 | =3.3 |1.073 007 | .ob05 [ b7l .867(1.090|1.360 ooe7 | 172.0( . 985 | 1.943
0190 | -5.8 |1.102| .23 .ob1 | .OBR2 | 16.1] .985|1lo62)1.073 | .0061 | 17h.0| .229| .9%0 :..gga
0220 | =6.6 [1.205] 252 .32 .0lk38 16.0] 1.121 | 1. 795 oogh | 176.0) 2251 997! 1.94T
.gt:: 16.3 1.225 | LokL] 538 | .06 ﬂo.o .232 | 1.005 1.%
L0472 | 15.8| 1L.300 299 | .oee7 0.0] .225(1.011] 2.
/e = 0.075; @ = 2° 0%05 | 15.5 1.325 !95& &2 .cegk | 1800 1.029 [ 1.999
053 .T| 1. ; .
ooz | o 240 | .203 | L.IAS ,3572 3.3 1,358 :5’52 .06:?. »
et |7 M3l 251205 | lohos | 12.i| 13S0 | jerR| Lok x/a = 0.130; @ =
ook [-12.5 | (k82 | .28k [1lom PP S worrd B B AR ]
. ~12.7| 517§ .302|1.0 e = ;@ = o010 -5 . . .
8l il Wl i ] ]| 2 | 43 ) e
.0002 1.5 LR -3 BN .71 . . .
2fc = 0.075; & = k° 0007 | -1.5| .m5| ;08| 859 | .om0 | -5 | .837] .cag| .3m:
—] .oak | 2.7 . L | 828 | .0197 -.5| .9231 .01} .181
0003 [178.0 | 203 .9TT|1.933 L0027 ~3.3| .609{ .171| .78 0263 Q 9951 .018| .o023
.0030 |278.5 | 277! .969|1.910 | ook ..a . L1800 . 0330 o 999 5| .019
3 73 | emr | oo |1am | ok | JR| rer| “ise| e o | 15| ‘m3| lar
+0096 1176, 274 | .993 |1.917 L0077 -3.7T 195 | .572 0630 0 5991 .015] .019
o130 (737 | 235 1.006 |LSHT | oosk | 33 @ % | e
. . 010 | -2 . LW18c| . - a i®
019 [151.2 | .OTh |1.026 |2.020 | lo1o7 =2 33| 176 ,2;‘3 x/e = 0.150; w = ¥
2.2 L TN x| . .
x/c » 0.075; o = &° 0160 | ~2.0)1.028] .1 095 _g:“?? 3.9 Egg_ l_g
a7y | -e.0f . 2 .053 0299 5| s8h{ 1.009 1_393
_ .09k | 2.0 1095 L239| 029 ﬁ : 4
'gif,‘g 53| 2B £§ ;'_"ggg ‘o7 | -eof1.081( .32 .00 | 9333 3'3 g l‘% i'g‘f
o188 | 2.6 | 181 |1i021 |1.589 | 9260 -2.0|1.061} .132| .007 95 | 1.ol1.009] .939| 518
L0203 6} 292 ]1.0e7 | 1.940 i L0433 o |1.133] .867| .57
0222 | 2.6 | .2k |l.042 |21.860 -.5(1.2e2| 822 .320
lRapeat run.

2Reverse-flow probe.
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TABLE II.- RESULTS FROM PITOT-STATIC SURVEYS - Continued

8 o A @ a 6 Z
T s | T % | % 3 ws | O % | % I s | T % | %
0.0%% | -1.%] 1.268 ] 0.777 | 0.168 = 0.200; a = k¢ 0.1100 REEN .859 | 0.
0933 | -1.7[1.278| .7e3| .085 /e e 1200 ;.3 1.?32 0.8035? %
0599 -2.5(1.282] .681| .035 |o -172.0 | .2k8 | 594 [ 1.5 .1300 s.5]1.325¢ .11| .aw0
. 0666 -3,0] 1.270] .63%| .019 .05 | -180.0 | .280 | .625 1.51& 1367 5.4 12,316 | .7T| .o
-0799 -3.3| 1.232] .337| .19 . 0059 -1518.0 ﬁ 661 1.%;
.0093 | -178.5 | . 681 | 1. 2
rfc = 0.150; = &° -0126 | -177-6 | .11k | .03 | 1.690 ’z/c = 0-250; a = 6
.0003 }176.5 | .270 {1.008 |1.
.0002 [F176.0f .335| -8k6|2.732 xfe = 0.200; & = 6° -0033 {-180.0  .546 |1.033 1.%;
.000% [1T7.8| .3k5| .850]1.730 0059 |im8.0| .359 |1.058 | 1.929
o002k }180.0f .38T7| .867l1.7M16 LOhOL 6.6 | .0TL 1.135{2.128 L0166 F178.0{ .350 |1.076(1.953
.0058 1180.0] .3%9| .845i1.7T2 [ .06 | -1.3 | .262 |1.12%|2. 0232 k177.3 | .315 | 1.085|1.986
L0091 1-180.0 312) .923| 1.826 0535 2.7 { k63 [1.148 1.333 .0299 -175.2 252 | L.092 | 2.023
. F178.5] .262[ .926|1.8% | .o6a 3.4 | .627 1.298 |1.787 | .0366 [172.k | .25 {1.106 | 2.059
L0158 Li77.8) .198| .997|L1.9i7 | .0668 5.0 | .875 h.195 | 1.h5h | .ob33 [-186.7| .129 |{1.139 (2101
L0198 17k.6f 006 .97T[1.996 | .o735 6.5 [.0%2 H.110|1.009
.02k -ﬂz.o .003| .970|1.97% | .o80L 8.0 p.218 h.cez| .530 x/c = 0.300; 20
0250 [16k.3] .oce| .970(2.001 | .868| 8.5 L300 T ¢ = 0.300; @ =
L0935 9.1 f.3 883 .082 0002 2.5] .5
. . 539 .86 TG
xfc = 0.150; a = 6° -2001| 9.1 [1.337 | .825| 035 | lgo07r | o . 67522 87| .68
.002T - . o2 .
.0h66 5.6 .382|1.138|1.992 2x/c = 0.200; a = 6° 0061 -.6] .813] .09 3°£
.0%99 6.2 .52 11,193 | 1.893 0161 -6] .8 097 | .282
L0533 7.k| .611|1.180|1.809 |0 -177.0 | 268 L?f l.g -029% -] 995 .85 .o97
0866 8.7 .13611.193]1.622 0026 | -180.0 | .321 |T.045 [ 1. ot -1|1.029 | .0o12| .013
. 9.0| .513}1.195{1.362 .00%9 | -179.0 .gﬁl 1.060 | 1.927 o527 ~.1[1.032| .069( .006
20633 § 10.1}1.077|1.275|1.0a0 | .0093 | -178.5 | .3h7 |1.063 | 1.942
. 10.0[ l.212 | 1.15k | .681 | .01%9| -178.0 | .327 11.073 | 1.969 x/e = 0.300; @ = 4°
ool o e - ol o B O - e P o ™
0733 | 12.%]1.3%7| 1. . . =175, . 093] 2.
L0733 | I 13691, 215 | 0359|172k | .m0 iy |2.087 | 1905 | 33 ';:g 1225 | 1o
L0766 | 12.2 1.22 1.832 .133 ‘ooer | k5| ks | l2e2lXio3e
L0799 | 11.8| 1. 1.118| .o7% xfe = 0.250; @ = 2° = 3| e eRraE
L0866 | 11.h|21.kok|1.003| .29 b : P 2] 3esi - 1}; 1.2k
<0899 | LL.k| 2okl 993 | .08 1" ooe 1.5 | .5k7 | .090] . ~o2gh '3325 :59?( g 4h 1.053
<0967 | 11.6)1.392( .953| .009 | ‘o005 6| 512 | 098 %2 .oha7 | -6.0| .Bhgo| .380| .657
o012 -8 |.6690 | .033] .68 | .05%6L | -%.M|2.007} .330| .29%
2fc = 0.150; a = 6° 0025 -8 {.735 | .00 .237 069k | -3.5|z.091} .283| .o%%
<0059 -9 .go:. 0f . EE .0827 | -2.5(1.112 2222 gg
.00 | 178.2] .1k 991 | 1. 0126 -9 | .870 | .15} .3 .0961 -2.2|2.1.§ 241 | .
.00k {i18.0| .23 ?’962 1.353 - 0226 -8 | .963 | .103| .l60
.0091 [180.0] .303|1.026[1.935 g@ =5 [1.018 | .08T ( .ck3 x/c = 0.300; « = 6%
.58 |179.0| .276)1.038 [1.96% | - -3 [L.034 | .82} .a10 il
.22k |178.5 ggi 1.029 |1.58k | 0326 ~.2 [1.036 | «0B0| 005 | qua7 |.21.3| .129 |1.08% f2.088
W029L | I77.3) . 1.029 | 1.979 L0561 | -l0.0] .37 {1.121[1.973
0358 |i735.0] .00L{l.0%3|2.05% xfc = 0.250; « = &0 0694 -3.8| .62k f1.100|1.720
.o827 =.3| .928 |[1.061 Li”
= 0,200; & = 29 0002 6 | .o12 | .hok j1.a2 | 0961 1.3 1.197 | 931 497
x/e = 02003 & = & ook |6 | oo | luce oo | 1ok | 27i1E6| 65 i
+0003 2.0} 58| .100] . 0026 2. . Ji39 ) 1,832 <1227 . . . .030
o | ROl 2B ARl B | | s R | shiiad | el | 368|133 | 7| o6
.%3 [} gg :ug E‘g 0026 | -16.% 2;% She 11,382
.0053 0 J12k | . . -20.0 | . 552 | 1.119 - 0.300; @ =
o | Lol | %) e | el He | 26 | Tes /e = 0.300; @ - 6°
L0163 0 .933| .127) .2ho | .o3@6| k.3 .08k | A50| .3%0 | o003 [a73.k | .317 | .9k6 |1.8ms
L0230 | -L.0| .98 .08 ] .103 0626 | ~3.% 11.329 | .398{ .102 .0033 k180.0| .387 | .989(1.839
-297 | -L.0|1l.028 | .088{ .133 | .06 | 2.9 .17 | .35T( .29 | ,0086 |-178.5| .37% |12 [1.872
ga& «1.0|1.032| 083} .18 | .0826] -£.1 {2152 | .3k .00 | o099 |278.0| .318 |i.0e7|1.926
.0b30 | -1.0f1.037{ .083| .ol0 .0166 |-177.8 | .309 j1.032 1.3%1
2/ = 0.250; & = &° .0232 [-176.7 | .280 [2.027 | 1.
xfc = 0.200; o = kO .0299 |-173.9  .187 [ 1.06% | 2.0e8
.0003 | ~168.3 Reyak _ﬁ 1.356 0366 |-156.3 060 | L.0B1 | 2.07T
.0183 | -19.01 .281| .73% 1.626 .0033 | =177.0 | 054 | . 1.397
20 §-19.¢{ .307| .736 [1.6%3 .0066 | =167.6 | 000 | .k30 | 1.B3T x/o = 0.350; a = 2°
=% 2| B
ma |63 FR )| T (i xfe = 0.250; o = 6 oo | | el e
.3&5 8.2| .665| .ok [L.30 ok | -za.8 | 131 hi2g (212 0012 -5 | 698 | 012 3BT
. 5.3} 81| 73| %60 | (Bl l SN0 i am B |oves | w22 | —7| sk | tom | s
(0863 | 3311080 636 | 68 | loZoo| kig | hbo {108 |s.ge | 008 | -6 | 78| losa| ki
20935 | -3.0| L1735 | 573 ] .18k | (oo 6| .68 M.1s9 |1.6 .0078 -5 | .8h2| .o76| .368
.060L | -2.3 | 1.207 il ‘oo 28 | o hiita|iiiee | lawks | -3 | laok | lors | i276
0668 | -L.5|1.209 .ko2| .030 | "o k.0 |1.209 [1.016 523 .0278 -k 9131 o3| .
0735 | -l.o|1.208 | .381| .cev 0| =3 [ai [.o6] Jiss [ -okl2 -.2 |1.018 | .06L 12E
.0868 0 1.193 | .b36| .011 ) 0548 -1 |1.006| .08 | .005

2Reverse~-flow prove.
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TABLE II.- RESULTS FROM PITOT-STATIC SURVEYS - Continued

8 g g g P a
E olaee | | S | % B sl owml W ] F || | % | %
xfc = 0.350; « = k° Zfe = 0.400; o = 6? xfc = 0.500; « = &°
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1278 .3 1.o82 687 .028 ; B 040 -7:7 1| . :381
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000k -2]| .33 iﬂ 967 =2 - .
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Fxfe = 0.350; « = 6 :%—11 a2 :,63 :J{g‘;“, :%g :J:E% :2.5 1.393] 31| .28
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002k |-179.9| .378| 892 |1.T%9 | .o2Bhk{ -3.9] .72%| .200| .€75 2¢/c = 0.500; a = 6°
0090 [=179.8 | .337[ .925|1.810 OhLT -3.21 834 | 193 M8
o187 {-179.4 | .316| .939 | 1.840 L0551 -2.0( .932 .167 .301 L0003 [~166.2 ¢ 155 b7l {1.M46
0223 |~177.8] .260] .964]1.896 Ry, 0% 2.1} .$32{ .189] .300 .0036 }-180.0) .192| .%18 |1.k8o
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o33 | - | i7so| tos7| B3k | ogBs| 1ae| léiv -;Zg 10303 | .07k | -2.3| .8k7 dee “32h
2| s 2 8o e et e g sl s
0183 | -3 .o2k| .038| .206| l1c8s -uig 1iko| os| .303| . 2.2| .998| .ca1) .35
+0283 . -kl .98 gzlg L0921 218 -3.h |91 skTlo 109 0541 | -2.2{2.008) .020| .035
% :.; i..gi_:lr. 'oha gle.g J_aB .g.a iﬂj . 91,;5 g;;: 067k | -2.1]1l.008] .c19) .03%
20550 | -1|l.oag| .o3| Loos| i e O ) ™
ay——— o xfc = 0.550; a =
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.0083 .3 202 988 | _o117| -179.8 | .eok| .682 1.6k | -0 -3.3| .759| .162 .aﬂ?
<0183 | -5.5 .556| .28} .917| . o150| -177.5| .179) ,687)]2.654 ) 11 .823] .62 b3
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L0817 | 6. 872 .888|1.200 |  ghos| -z.0]1.008( - ﬁg e TSR AT 532 542 | 1.8
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Reverge~flow probe, : -
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TABLE II.- RESULTS FROM PITOT-STATIC SURVEYS - Concluded

b4 e o a, i 8, a
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ZRsverse~flow probe.
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TABLE ITIT.-~ RESULTg FROM HOTFWIRE ANEMOMETER
URVEYS ' —
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lReverse~flow probe.
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TABILE ITT.~ RESULTS FROM HOT-WIRE ANEMOMETER
SURVEYS -~ Concluded

£ a | N&E r i | = z z | &R r [
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A-18240
Figure 1l.- General srrangement of the Ames 7~ by 10-foot wind tunnel
with the false floor and celling installed.
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Figure 3.~ The traversing mechanism employed for the pitot-static and
hot-wire anemometer surveys.
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Figure L4.- The probes employed for. the pltot-static surveys.
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Figure 7.- Results from the pitot-static and hot-wire measurements of
the mean flow.
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Figure T7.- Continued.
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Figure 7.~ Continued.

20 a Pitot- static Hot—wiref Filled symbols denote
surveys surveys flush pressure orifice
2° © ° (figure 6 )
A6 4° m] +
6° < X
JA2F GS%
\\
04 T~ | } 2 : §
° -
9.
NN B i P ]
o) 4 8 1.2 16 20 0 -4 -8 -2
Total-pressure coefficient, Cpf: Static-pressure coefficient, Cp
20 .
16 :
12 H -
AT !
08 <X
3”'/ r
& L~ 1o LTS
04 [ — : ){{I
0 4 8 12 -I80 -I60 -40 -20 0 20

Direction of flow, 8 , deg.



45

NACA TN 3876
’ 20 Pitot- static Hot-wire Filled symbols denote
ao surveys Surveys flush pressure orifice
2 o © (figure 6 )
16 4° = +
6° <o X %\
12
P | AR
08 o I 3
L e AN 5 4
8. .o4i: N \\L 3 j
=] N dé
5 =\
2 & ' .ég
8 0 4 8 12 1.6 20 0 -4 -8 -1.2
© Total —pressure coefficient, pr Static-pressure coefficient,Cp
® .
) é 20
R
[
. 16
> O
A
A2 $ . g
08 '
) /
al /’ ;
ot f . <Y
04— ; T =
1= ,P;' ST
B doded? g | i,
o) 4 8 2 -180 -160 -40 -20 0 20

Velocity ratio, 5/U, Direction of flow, 8, deg
(g) x/c = 0.45

Figure T7.- Continued.



NACA TN 3876

.20 a Pitot-static Hot-wire T Filled symbols
surveys surveys denote flush
2° o "]

pressure orifice
(figure 6 )

16 4° O +
e6° o pad

o)

@
pe

/
£

i
A
1
[
/
>

o)
D
—”
&D——D—D“}‘D—G—H o

s e e S
Total— pressure coefficient, C,;,f - Static-pressure coefficient, Cp

o
D

no
O

Distance above surface, y/c

»
59

SRR |
N 7

0 4 8 12 16 -20 .0 20 160 180
Velocity ratio, T /Ug . Direction of flow, 8, deg

o
=3

(n) x/c = 0.60

Figure T.- Continuéd.



NACA TN 3876 4t
20 a Pitot-static Hot-wire
] surveys surveys
2° o} ®
16k 4° o + 2
P T T T T
12 A
A 119
. : yJ\ r? ? dFilled fslym:ds
: ; enote flus
E E\ \0\ t? ? pressure orifice
8" 04? E\\ \ &T ? (figure 6 )}
A AN LTy
2 o 7 BT 9z 186 20 8 2
8 Total - pressure coefficient, Gpt Static-pressure coefficient, Cp
2 .20
_E & i
2 .'
16
A
12
7 i
.08
i i
04 f ? . T[:
N
o ' .4 = .é 1.2 6 -20 5 20 40 60
Velocity ratio, T /U, Direction of flow, 8, deg.

(1) x/e = 0.80

Figure T7.- Concluded.
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Figure 8.- Typical comparison between pitot-static and hot-wire determinations of the mean
veloecity; a = 6°.
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Figure 9.- Bubble shapes derlved from the mean-flow surveys and estimated
inflow and outflow velocities across the upper contour of the bubbles.
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Figure 11.- Results from the hot-wire anemometer measurements of the
velocity fluctuastions.
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Figure 12.- Graphical summary of the flow surveys.
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Figure 13.~ Results from the hot-wire anemometer ‘measurements in the
immediate vicinity of the leading edge of the plate.



NACA TN 3876 57

5
3
5 —Limit of correction (U/U,;O)
g 4
§ \
e 3
5 \ VA U=
g l
g 2 035
iy \\ 30
= 5 \
- \\\~ £ T — —
05.IO \EE’%\
0 2 4 6 8 1.0 1.2 t4 16

Velocity ratio, Ty, /Uq,

n
o

AN

and ACp
>
O
=

N

e

&
\

» BCp

e

”///,/ | —
| _—_——‘——//
0 04 08 12 16 .20 24 28 32

Turbulence level, V&G?/U,
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